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We report on the origin of the anomalous temperature dependence of coercivity observed in some soft ferromagnets by studying the magnetic and electronic properties of FeZr films doped using ion implantation by H, He, B, C, and N. The anomalous increase of the coercivity with temperature was observed only in the C-and B-doped samples. Using x-ray photoelectron spectroscopy, we show that the anomalous behavior of the coercivity coincides with the occurrence of an electron charge transfer for those implanted samples. The origin of the anomaly is discussed in terms of (i) magnetic softness, (ii) nature of the Fe-C and -B covalent bonds, and (iii) large charge transfer. Magnetic properties can be tailored by mixing magnetic and non-magnetic elements. 1, 2 One of the most intriguing observations in this context is the abnormal enhancement of coercivity or magnetic anisotropy with increasing temperature in FeCo-Hf, 3 FeCo-Zr, 4 FeCo-B, 5 or Fe-YB. 6 Typically, the coercivity or magnetic anisotropy decreases with increasing temperature as a consequence of reduced exchange coupling and spin orbit interaction with increasing temperature. 7 However, in two-phase systems, consisting of nanocrystallites randomly distributed in a magnetic amorphous matrix, the increase of coercivity with temperature has been observed close to the transition temperature of the soft amorphous phase. [8] [9] [10] Also in other materials, controversial mechanisms 11, 12 and anomalies [3] [4] [5] [6] of the temperature dependence of the coercivity have been reported so far. From a fundamental point of view, it is important to understand how the anisotropy can be enhanced with increasing temperature. Furthermore, the control of the temperature dependence of coercivity is useful for potential applications where a good thermal stability of the coercivity is required, such as in spintronic or high frequency magnetic devices.
In this work, we investigate the effect of doping by H, He, B, C, and N on the magnetic and electronic properties of Fe 93 Zr 7 13 (FeZr) amorphous films. We observe an anomalous temperature dependence of the coercive field for the Cand B-implanted samples. X-ray photoelectron spectroscopy (XPS) indicates that a charge-transfer mechanism is involved only in the C-and B-implanted samples, while structural analyses using extended x-ray absorption fine structure (EXAFS) spectroscopy reveals that only the N-implanted sample is partly crystalline. Hence, the C-and B-implanted samples can be used for elucidating the origin of the anomalous temperature dependence of the coercivity in singlephase soft amorphous ferromagnets.
Amorphous FeZr films were prepared by using dc magnetron sputtering. 14, 15 The base pressure of the chamber was below 9 Â 10 À10 millibar, and the operating pressure of Ar gas, with a purity of 99.9999%, was 2.7 Â 10 À3 millibar during growth. The films were grown on 10 Â 10 Â 0.5 mm Si(001) substrates with a native oxide layer, which were annealed at 550 C for 30 min prior to deposition, in order to clean the surface. A 5-nm-thick amorphous Al 70 Zr 30 seeding layer, deposited from a compound target, was used to facilitate an amorphous growth of the FeZr layers. 16 The FeZr layers with thicknesses of 40 nm were deposited at roomtemperature using a compound target (99.9% purity). Each film was protected by a capping layer of Al 70 Zr 30 (6 nm) to avoid oxidation of the magnetic layer in air. The implantation was performed ex-situ at room-temperature using an ion implanter. The ion energies were adjusted to have similar depth concentration profile for the different implanted elements and were 3, 5, 15, 18, 20 Structural analysis were performed using EXAFS spectroscopy at MAX-lab in Lund, Sweden. 17 Data were collected over the K edge of Fe using a Si(111) double-crystal monochromator and fluorescence mode with an energy-dispersive solid-state detector (Si Nano Technology Vortex). The resolution DE/E was 10
À4
. The total time per scan was 50 min, and several data scans were averaged. Magnetization measurements were performed using magneto-optical Kerr effect (MOKE), with two setups for low and high applied magnetic fields, in the longitudinal geometry with s polarized light. X-ray photoelectron spectroscopy measurements were performed with a Scienta ESCA 200 spectrometer equipped with the monochromated Al Ka source (1486.7 eV). 18 The base pressure of the chamber was about 5 Â 10 À10 millibar. -weighted EXAFS data for the as-grown and C-,B-, and N-implanted FeZr samples together with a reference sample of crystalline Fe. The EXAFS oscillations are lower in amplitude and die out faster at high k-values for an amorphous sample compared to a crystalline sample due to the Debye-Waller effect caused by structural disorder. 19 It can be seen that the EXAFS spectra of the C and Bimplanted samples are similar to the as-grown FeZr sample, all with low amplitudes of the EXAFS oscillations indicating that these samples are amorphous. Similar results were obtained for the H and He-implanted samples (data not shown here). On the other hand, the EXAFS spectra of the N-doped sample shows oscillations with higher amplitudes (but still lower than for the crystalline Fe reference sample), indicating that the FeZr-N sample is partially crystalline. As the heaviest of the dopants, the N ions are implanted with a higher energy than the other dopants, and crystallization is more likely to happen. Figure 2 (a) presents the change of the remanent magnetization as a function of temperature for as-grown H, He, B, C, and N implanted FeZr films. These curves show that all the films are ferromagnetic and that the T C increases upon implantation, with a shift in T C depending on the implanted elements as presented in Figure 2 (b). We note that the T C could not be directly determined for B-and N-implanted samples due to the limited temperature range available in the high field MOKE setup (380 K). The ordering temperature in those samples were, therefore, obtained by extrapolation of the M(T) curves.
As shown in Figure 2 (b), the T C increases as the atomic radius of the implanted elements is increased, which can be reproduced by using the Bethe-Slater curve, where the exchange integral interaction increases as the Fe-Fe interatomic distance expands. The T C of the N-implanted FeZr sample does not follow the linear trend of the ordering temperature with the atomic radius of the implanted element. Its T C is higher than those of C-and B-implanted samples, although the atomic radius of N is smaller. This is due to the presence of crystallites, as identified by the EXAFS data.
The magnetization curves recorded at 80 K of the samples are plotted in Figure 3 . The values of the coercive and saturation fields of the as-grown sample are higher than those of the implanted samples. The decrease of the coercive and saturation fields upon implantation are associated with the diminishing of the non-collinear ferromagnetism of the asgrown FeZr films 13 due to less exchange frustration that drastically reduces the size of the energy barriers hindering domain wall motion, induced by the increase of the Fe-Fe interatomic distance.
In order to uncover the details of the effect of implantation by different elements on the electronic properties of the FeZr system, we have carried out XPS measurements at the Fe 3p core levels. In a recent report, we have studied the effect of implantation by C on the Fe 2p and 3p levels. 15 However, only an increase of the peaks width of the Fe 2p 3/2 and 2p 1/2 levels has been observed upon implantation by C, and no shift in the binding energies was detected, indicating that negligible electron charge transfer has occurred at the Fe 2p core levels. For an intra-atomic charge transfer, deeper core level peaks (Fe 2p) tend to be broad, and it is difficult to determine their shifts. 20 Nevertheless, shallow levels (Fe 3p) should provide a better sensitivity of the changes in the chemical-state. 21, 22 Thus, we choose to work at the Fe 3p core levels to characterize the charge transfer for different implanted samples. The spectra obtained at the Fe 3p core levels for as-grown and different implanted samples are presented in Figure 4(a) . In order to compare them, the spectra have been normalized to the intensity of their main peak. For all cases, the implantation leads to the broadening of the Fe 3p core levels peaks. The increase of the peaks widths is caused by the changes in the chemical bonding induced by the incorporation of the implanted elements in the FeZr matrix modifying the nearest neighbor environment of the Fe atoms.
As presented in Figure 4 (c), the Fe 3p levels of the Cand B-implanted samples are shifted to higher binding energies compared with that of the as-grown sample. The peak positions were determined using Gaussian fits and the deduced shifts are 0.26, and 0.61 eV for the B-and Cimplanted samples, respectively. No shift in the binding energies can be detected for the other implanted elements (H, He, and N) [ Figure 4(b) ]. The shifts can be understood by the occurrence of a charge transfer from Fe to C, and B in the FeZr matrix. 23 The large shift in C is caused by its larger electron affinity: it is 1.2, 0.3, 0.05 eV for C, B, and N, respectively. 24 The electron affinity of H is 0.8 eV; the absence of charge-transfer in the case of H can be understood by the nature of the 1 s orbitals, which is highly delocalized. Helium is inert, and, therefore, no charge-transfer is expected. These observations are in agreement with the calculations of Kong et al. 25 showing that the chemical bonds for Fe-H and Fe-N are metallic, whereas the Fe-C bond is covalent.
One can notice a shoulder that appears at low binding energies (49-51 eV) for the as-grown, H, and He implanted samples [ Figure 4(a) ]. Arranz et al. 26 have studied the Fe 3p components in pure Fe films for different deposition times, and attributed this feature to Fe surface atoms with a lower atomic coordination (outer atomic layer). The hybridization nature between the 2p orbitals of B, C, and N with Fe in the outer atomic layer may lead to the disappearance of this shoulder. The feature at low binding energies can also be assigned to the Zr 4s levels, 21 however, the distinction between the Zr 4s and Fe 3p outer atomic layer levels is difficult.
The shifts in the binding energies observed in B-and Cimplanted samples are accompanied by anomalies in the temperature dependence of the coercivity. Figure 5 shows the temperature dependence of the coercivity for the different samples. The as-grown, H, He, and N implanted samples exhibit a decrease of the coercivity with increasing temperature. The C-and B-implanted samples unveil an unusual increase of the coercive field with increasing temperature. The unusual increase of coercivity with temperature for the C-and B-implanted samples coincide with the occurrence of an electron charge-transfer observed by XPS. The increase of temperature will lead to an increase of the charge-transfer as a result of the increase of the thermal energy, and thus, the coercivity increases. This explanation can be supported by the work of Enz et al., 27 who have observed a significant increase of the coercivity in the magnetically soft Si-doped Yttrium Iron Garnet (Y 3 Fe 6-x Si x O 12 ) upon illumination. In that case, the increase of the coercivity was inferred to be caused by the electron charge-transfer induced by light illumination. 27 The B-implanted sample presents a slope change in the temperature dependence of the coercivity (inset of Figure 5 ), which is consistent with thermal processes becoming active with increasing temperature. We note that charge transfer enhanced coercivity has been reported in other systems. 28 The nature of the chemical bonds should also contribute to the abnormal behavior of the coercivity: For Fe-H and Fe-N, the bonds are metallic with a delocalized character. However, the Fe-C bond is covalent with a directional feature, 25 which increases the local magnetic anisotropy. 29 Thus, the local magnetic anisotropy increases as the temperature increases via charge transfer causing an increase of the coercivity. Using light illumination, Bettinger et al. 30 have demonstrated that charge-transfer enhanced ferromagnetism requires a small magnetic anisotropy in (MnZnFe) 3 O 4 . This is also in agreement with the observation of an abnormal enhancement of the permeability with increasing temperature reported for the same material. 31 When the magnetic anisotropy is small, the permeability is high, the effect of charge-transfer is large, and ferromagnetism is enhanced. 30 These observations are in line with our results since the films studied here are soft with very small coercivities: 1 and 0.17 mT for C-and B-implanted elements at 80 K, respectively. Therefore, the combination of magnetic softness, directionality of covalent bonds, and large charge transfer should all contribute to the enhancement of the coercivity with temperature. This scenario is consistent with the difference in the anomalous changes of coercivity as a function of temperature. The increase of the coercivity with increasing temperature is more pronounced in the Cimplanted sample compared to the B-implanted ( Figure 5 ). This difference can be linked to the binding energies shifts [ Figure 4 (c)] (charge-transfer), which is bigger in the case of C, and smaller for the B element, and it is absent for the other implanted elements.
In summary, we have shown the link between the electron charge transfer and the abnormal behavior of the coercivity in single-phase implanted FeZr amorphous films. The key parameters for the anomaly are the magnetic softness, directional feature of covalent bonds, and large charge transfer. The anomalous enhancement of the coercivity with increasing temperature may be of future use in potential applications where a coercivity stability at high temperature is needed.
